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1.0 ABSTRACT

LAl

A
BN

This annual report describes progress during the first year of the
three year research program to study the relationship between microstructure |
i and processing conditions, and the effect of processing conditions on the ‘
performance of structural airframe materials. Part I of this program is exam-
g ining the influence of beta processing methods on the interaction of fatigue
cracks with the microstructural elements. Three beta phase processing methods
have been chosen to provide variations in beta phase continuity and alpha
phase plate size. The microstructure of the beta processed materials has been
quantitatively characterized using SEM, TEM and STEM. Fatigue crack propaga-
tion results are also presented for each of the beta annealing treatments.

S B s
5 oly M iea i

R

In Part 1I, the micromechanics of superplastic deformation are being
studied to determine how the microstructural variables affect the macroscopic
deformation behavior. Experiments have been performed with 7475 Al having
various grain sizes. The flow stress vs strain rate behavior for the mixed

v grain size materials is best described using the iso-strain rate concept.
Observations of dynamic grain growth and dynamic recrystallization have led to
new perceptions of how these processes may alter the mechanical response of
the materials during superplastic deformation. Based on these observations,
the new model of the superplastic deformation process is outlined.
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2.0 INTRODUCTION

Structural properties of airframe materials depend on the processing
methods used for component fabrication. The processing methods can either be
separate heat treatments designed to produce specific properties, or they can
be fabrication steps, such as forging or forming operations. This annual re-
port describes progress during the first year of a three year pfbgram to in-
vestigate two important aspects of processing of airframe materials.

The overall objectives of this two-part program are to understand the
relationship between microstructure and processing conditions, and how the
processing conditions influence the performance of structural airframe mate-
rials. In Part I of this program, microstructural characteristics of beta
processed titanium aloys are being correlated with the fracture path through
the microstructure and with tensile and fatigue properties. In Part Il of the
program, several mechanistic aspects of superplastic forming of high strength
aluminum alloys are under investigation to aid in understanding the importance

- of grain size and grain size distribution on superplastic forming of I/M and
P/M Al alloys.

Beta processed Ti alloys, investigated in Part I of this program, can
display attractive combinations of strength and fatigue crack propagation
(FCP) resistance. However, beta processed alloys have not been used exten-
sfively for airframe applications. The microstructures of beta processed Ti
alloys are not well characterized compared with conventional alpha-beta proc-

Eﬁfg- essed alloys. Furthermore, a wide range of fatigue crack propagation rates are
‘J;;%"'g often found for similar beta processing routes. This program is designed to
e enhance our understanding of the relatfonship between processing, microstruc-
- ture, and FCP properties of beta processed Ti alloys.
1ii?? . In Part 1, several beta processing routes for Ti-6A1-4V are being in-
;;ﬁ vestigated. The effect of these processing steps on the microstructure are
'Ef being carefully characterized to understand the effect of the processing
B wmethod on features such as phase morphology, phase composition, and continuity
3
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of the retained beta phase. The effect of the processing method on FCP prop-
erties is also being studied to correlate with the microstructural results.
In the second year of the program, the paths that fatigue cracks follow
through the various microstructures will be determined. Combination of these

g“*é‘ results will Tead to an understanding of how the various microstructural fea-
;S@g tures control fatigue crack propagation, and will allow selection of beta

i

] processing routes that provide attractive property combinations for airframe

components designed to damage tolerant specifications.

Part Il of this program is concerned with superplastic forming of
metals. The value of sqperp1ast1c forming (SPF) as a cost-effective method of
fabricating structurally efficient aerospace components is becoming increas-
ingly apparent.1'3 Significant cost and weight reductions have been demon-
strated over conventional fabrication methods. While this technology is rea-
sonably well developed for Ti alloys, high strength Al alloys provide a poten-

)
tially larger application of SPF technology. This is because of the very
e widespread use of aluminum in afrcraft, spacecraft and missile applications.
TN
%ﬁi s A processing method has been developed at the Rockwell International
%

PO Science Center to impart superplasticity to 7475 Al which has demonstrated the
' capability of being formed into complex structural components.3 The primary
development has been a thermomechanical processing method for grain refine-
ment, which provides the fine grain size necessary for superplasticity.
Aspects of the grain refinement process and its effect on service properties
of 7075 Al have been previously investigated under AFOSR sponsorship.4 How-

eﬁ%? ever, development of superplastic aluminum is at a relatively early stage, and
5§§$ the importance of various microstructural features such as grain size distri-

7%%; bution are not yet understood. Furthermore, much emphasis {is currently being

- placed on P/M Al alloys that offer high strength levels. Development of

superplasticity in these alloys would provide benefits from both high strength
and improved formability.

In Part 11, with an aim of developing an understanding of the role of
A key microstructural variables on superplasticity of single phase materials,

3
C5737A/sn
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é}; critical experiments were made during the final year to assess the roles of
%%i " grain size distribution, dynamic grain growth, and dynamic recrystallization
S, effects during superplastic flow in a fine grain 7475 Al alloy. Model mate-
e rial, fabricated by mixing a specific fine and coarse grain combination, has
fﬁ% shown that stress-strain rate characteristics, m values, and stress vs strain
i;}i curves are intermediate between the data for the individual grain size mate-
”%g rials. The composite data are best described by an iso-strain rate assumption
applied on the constituent fine and coarse grains. Studies on microstructural
‘iﬁi changes indicated that dynamic grain growth, although significantly more rapid
§§5 than static growth, is relatively sensitive to applied strain rate. The dis-
%%% tribution of grain size, including the median size, moves to larger sizes with

increasing superplastic deformation, thus suggesting that smaller grains do
not shrink in size prior to their disappearance. While dynamic growth is most
common for the finer grains and slower strain rates, the coarser grains and

» higher strain rates give rise to concurrent grain refinement (i.e., dynamic
recrystallization). Based on these observations, a model has been developed
that incorporates 1) the gradual development of dislocation structure, 2)

ey : enhancement of diffusional creep rates with increasing grain deformation rate,
Yy and 3) dynamic grain growth. Further developments of the model will continue
. in the second year of the program.
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3.0 PROGRESS

3.1 Abstract of Progress

During the first year of this research program, progress has been
made on both parts of the program. The results are summarized in the fol-
Towing paragraphs.

Part 1 - Three beta annealing procedures have been selected for proc-
essing the Ti-6A1-4Y alloy being used in this investigation. The processes
were selected to vary the continuity of the retained beta phase and the alpha
plate size. These microstructural elements have been shown to affect fracture
properties in previous programs. Quantitative metallography has been per-
formed to establish the volume fraction of beta phase, the beta phase discon-
tinuity density, the alpha plate size and the alpha plate aspect ratio. Large
varfations in alpha plate size and beta phase discontinuity density were
achieved through the processing variations. In addition, the compositions of
the alpha and beta phases were determined using STEM methods. Little varia-
tfon in alpha phase composition was found, but higher annealing temperatures
and slower cooling rates caused larger amounts of V and smaller amounts of Al
to be present in the beta phase. Fatigue crack propagation properties were
measured for the three beta processing methods. Only small differences were
found in fatigue crack propagation properties for the three beta annealing
procedures. However, different fatigue crack propagation properties were
obtained for the load decreasing and load increasing portions of the tests.

It is felt that this may be a microstructural effect, and work is underway to
confirm this {dea.

Part Il - With the aim of developing an understanding of the role of
key microstructural variables on superplasticity of single phase materials,
critical experi ents were carried out to assess the roles of grain sfze dis-
tribut! 1, dy mic grain growth and dynamic recrystallization effects during
superpla...c flow in a fine grain 7475 Al alloy. Model material, fabricated
by mixing a specific fine and coarse grain combination, has shown that stress-

5
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strain rate characteristics, m values, and stress vs strain curves are inter-
. mediate between the data for the individual grain size materials. The com-

posite data are best described by an iso-strain rate assumptfon applied to the

constituent fine and coarse grains. Studies on microstructural changes indi-

§§ cated that dynamic grain growth, although significantly more rapid than static
i} growth, is not highly sensitive to applied strain rate. The distribution of
%@ grain size, including the median size, moves to larger sizes with increasing
) superplastic deformation, thus suggesting that smaller grains do not shrink in
5% size prior to their disappearance. While dynamic grain growth is common for

the smaller grains and slower strain rates, the coarser grains and higher
strain rates give rise to concurrent grain refinement via dynamic
recrystallization.

6
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%ﬁi 3.2 Part 1. Effect of Processing on Microstructure and Design Properties
%% - of Ti Airframe Alloys

bt This section describes progress made on Part I during the first year
o of the three-year program to characterize the relationship between microstruc-
{4 ture and fatigue behavior of beta processed Ti-6A1-4V. The program goals are

described, followed by a short discussion of previous work on beta processed
Ti alloys. Progress in several areas of Part I of this program is then

A detailed.

S

§‘§ 3.2.1  Program Goals

W2

f’" The overall objectives of Part I of this three-year program are:
oy

A

jﬁgx 1. To quantitatively characterize the microstructure of beta
e processed Ti-6A1-4V.

2. To evaluate the path that fatigue cracks follow through the
- microstructure in beta processed Ti-6A1-4V.

3. To measure the fatigue crack propagation properties of beta
“NEN processed Ti-6A1-4V.

B 4. Using the results of microstructural characterization, fatigue
—_— properties and fatigue crack path evaluation; to understand how

§j;, microstructural features of beta processed Ti alloys affect
;;f: fatigue properties.
Py
iy
-— In the first year, substantial progress has been made toward these
= .
?‘3 ultimate goals. Studies have concentrated on characterization of the micro-
ztj . structures and fatigue properties of Ti-6A1-4V produced by three different
‘§J§ beta processing methods. For these selected processing methods, goals 1 and 3
> . 1isted above have been achieved. Current efforts to establish the relation-
L)
i
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ship between microstructure and crack path address goal 2, and correlation of
these results (goal 4) will meet the overall program objective.

3.2.2 Bac: ground

Current and future generation high performance aircraft are being de-
signed with alloys that have high specific strength levels. Current design
philosophies utilize the Air Force structural integrity philosophy, as des-
cribed in military standard MIL-STD-1530A, Aircraft Structural Integrity
Program, Airplane Requirements. Inherent in this design philosophy is a re-
quirement for resistance to fatigue crack propagation. This emphasis on damage
tolerant design and fatigue crack propagation resistant materials has led to
consideration of beta processed Ti alloys for fracture-critical applications.
The titanium alloy Ti-6A1-4V has been utilized in such fracture critical de-
signs, but requires a special heat treatment, termed recrystallization anneal,
to provide adequate toughness and FCP resistance for these applications.
Several previous studies of the effect of microstructure on properties of Ti-
6A1-4V have demonstrated that the beta processed or beta annealed microstruc-
tures offer considerable improvement in FCP resistance. In the context of
this program, beta processing refers to microstructures that have been pro-
duced by either working above the beta transus, heat treating above the beta
transus subsequent to working operations, or a combination of the two.

A significant potential also exists for replacing components which
are extensively machined with precision forged Ti alloys. Forging at tempera-
tures above the beta transus, where the flow stress is significantly reduced,
would allow production of more complex geometries than are possible by forging
below the beta transus.

The effect of processing above the beta transus on microstructure and
fatigue crack propagation resistance has not been well characterized. In a
study at the Science Center, Rhodes has evaluated the effect of processing be-
low the beta transus on fracture properties of Ti-6A1-4V. His results showed
that the fracture properties could be correlated with the distribution and

8
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morphology of the alpha and beta phases, and with the chemical partitioning
between the two phases.5 A second program showed that the distribution and
continuity of the retained beta phase affected the fracture toughness of beta
processed Ti alloys of various compositions.6

Although beta processing can lead to improved fatigue crack propaga-
tion resistance in Ti alloys, there is an attendant increase in variation of
crack propagation rates compared to alpha-beta processed alloys. It is
thought that much of this variability in properties stems from the path that
the fatigue cracks follow through the microstructure and their interaction
with various microstructural features. Part I of this program seeks the links
between microstructure, crack path and FCP properties. The knowledge gained
in Part I of this program will enable tailoring of beta processing treatments
to provide microstructures with high fatigue crack propagation resistance and
smaller variability in properties.

3.2.3 Heat Treatment Selection

The chemical composition of the Ti-6A1-4V alloy used in Part I of the
program s shown in Table I. The beta-processed microstructure was developed

Table 1
Chemical Composition of Ti-6A1-4V
Element: Al v 0 c N H Ti
Wt %: 6.08 3.98 0.124 0.015 0.009 0.0074 Bal.

by annealing above the beta transus, followed by an air cool. The two sig-
nificant microstructural features that must be considered when Ti alloys are
processed in the beta phase field are the beta grain size and grain boundary
alpha. Yoder and co-workers7’8 demonstrated that an increased beta grain size
is beneficial for fatigue crack propagation resistance, but detrimental to
tensile strength and ductility. In this program, it was decided to select a

9
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beta grain size intermediate to those examined by Yoder et al so that neither
the fatigue crack propagation resistance nor the tensile properties would be
seriously degraded. The solution treatment selected for these studies was a

10 min exposure at 1025°C (beta transus + 25°C). Grain boundary alpha forms
at beta phase grain boundaries during cooling from above the beta transus.

The amount of grain boundary alpha present in the microstructure is a function
of the cooling rate, with more alpha forming as the cooling rate decreases.
However, because thick sections of Ti-6A1-4V used in airframe applications
cannot always be cooled rapidly enough to preclude grain boundary alpha, the
beta anneal treatment has been followed by an air cool rather than a quench.
Although this procedure results in the formation of grain boundary alpha, it
will closely simulate the sort of microstructure that will be present in thick
sections. Figure 1 illustrates the beta annealed microstructure.

The objective of this program is to study the influence of beta-
processed microstructure on fatigue crack propagation. The microstructure of
a beta-processed Ti alloy such as Ti-6A1-4V can vary significantly depending
upon the type of processing that the alloy undergoes. Those features that may
affect fatigue properties are volume fractions and compositions of alpha and
beta phases, size of alpha and beta grains, and continuity of beta phase.

Heat treatments that follow the beta anneal have been devised to systemati-
cally vary these elements of the microstructure so that their effect on

fatigue may be evaluated.

The three heat treatments that have been used in this study are
listed in Table II. Treatment #1 involves a hold midway in the alpha-beta
phase field to generate a moderate amount of discontinuous beta phase, fol-
Towed by an air cool, which will result in a fairly fine alpha plate size with
a high aspect ratio. Treatment #3 includes a very slow cool from just above
the beta transus to room temperature to develop 2 low volume fraction of con-
tinuous beta phase and a coarse alpha plate size with a moderate aspect ratio.
Treatment #2 is intended to produce microstructures {ntermediate to those gen-
erated by treatments #1 and #3. To achieve this, the alloy is held for a

10
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short time high in the alpha plus beta phase field to provide some coarsening
of the preexisting beta phase, followed by a slow cool to develop larger alpha
plate size and continuity of the beta phase. Finally, air cooling from a tem-
perature widway in the alpha plus beta phase field essentially retains the
alpha-beta mixture attained during the slow cooling step.

Table Il
Heat Treatment Schedule to Follow Beta Anneal
Condition
No. Treatment
1 750°C/1 W/atr cool
2 925°C/30 min/cool at 60°C per hour to 750°C/afr coo)
3 1000°C/10 min/cool at 50°C per hour to room temperature

3.2.4 Microstructure Characterization

The beta annealed condition, Fig. 1, has a prior beta grain sfze of
about 350 um and nearly continuous grain boundary alpha that is approximately
3 um wide. None of the three post-beta amneal heat treatments significantly
alters the prior beta grain size or the amount of grain boundary alpha.

The volume fractions, compositions and dimensions of alpha and beta
grains, and continuity of beta phase have been evaluated as a function of heat
treatme: Table III 1ists the volume fractions and continuity of beta phase
for th tt treatments. As anticipated, condition #1 exhibits the largest
volun: act’. of beta phase and a2 wore discontinuous beta phase. Figures 2
througt. 11ustrate the relative distridbutions of beta phase in the three
heat treat conditions. Continuity of the beta phase is reported as disconti-
nuftfes per cubfc centimeter of alloy, and {s measured dy counting the number
of terminations of beta strips per area on a polished and etched surface.
Clearly, then, a larger number of discontinuities represents a less continuous

11
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Fig. 1 Light micrograph of Ti-6A1-4V after beta treatment of
1025°C/10 min/AC.

Table II1
Yolume Fraction and Discontinuity of Beta Phase in T{-6A1-4V

P YAy
[N B e

|

Condition Volume Fraction Discontinuities of
No. Beta Phase Beta Phase, Per cmd3

T g "

s

0.19 6.5 x 1012
- 0.14 1.9 x 101!
§ 3 0.10 1.2 x 101l

[
N -

t

Y.
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Fig. 2 SEM of Ti-6A1-4V given heat treat condition 1.
Beta phase is white.

Fig. 3 SEM of Ti-6A1-4V given heat treat condition 2.
Beta phase is white.
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B Fig. 4 SEM of Ti-6A1-4V given heat treat condition 3. Beta phase is white.
s
4“? beta phase. Although the number of discontinuities will be related to the

, volume fraction of beta phase, there is not a simple one-to-one ratio for the
fﬁg heat treatments utilized in this study. Hence, whether the discontinuities
"%} are reported as the absolute values measured (as listed in Table III) or as
:;Qi values normalized to volume fraction beta, heat treatment #1 results in more

than an order of magnitude greater number of discontinuities than treatments

Qi #2 or #3. The heat treatments have succeeded in varying the volume fraction
% of beta phase by a factor of two, and beta phase discontinuity by more than an
o order of magnitude.

:;;;&1 The alpha phase parameters are listed in Table IV. Treatment #1 has
:i;g ‘ resulted in the finest alpha plate size and the largest aspect ratio, while
“;z*% Treatment #3, as expected, has produced the largest alpha plate size and the
fff smallest aspect ratio. The microstructures are {1lustrated in Figs. 5 through
e * 7.

%’%
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g Table 1V
; . Alpha Phase Dimensions in T{1-6A1-4Y
?: Average Len?th Average Width

Condition Alpha Phase Plate Alpha Phase Plate Alpha Phase
X No. (um) (um) Aspect Ratio
3
& 1 21 0.9 24:1
| 2 32 1.8 17:1

3 80 6.0 13:1

S
\ i Fig. 5 Light micrograph of Ti-GA1-4V given heat treat conditfon
1. Alpha phase is 1ight, beta phase is dark.
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» Fig. 6 Light micrograph of Ti-6A1-4V given heat treat condition 2. Alpha
phase is light, beta phase is dark.
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Fig. 7 Light micrograph of Ti-6A1-4V given heat treat condition 3. Alpha
phase is 1ight, beta phase is dark.
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52, , The final microstructural parameters analyzed in this program are the
ﬁ compositions of the alpha and beta phases. The chemical analyses have been
oK accomplished by means of thin foil scanning-transmission electron microscopy
A using a quantitative x-ray energy dispersive spectroscopy technique developed
f: prev'lously.9 The results, presented in Table V, reveal the degree to which Al
,51 partitions to the alpha phase and V to the beta phase. The alpha phase data
?E‘ given in Table V are for the matrix alpha plates, and do not include the grain
2 boundary alpha which would be expected to contain slightly higher Al and lower
:h ! v contents.9 Among the the three treatments, the Al and V concentrations in

alpha vary only slightly, whereas they vary significantly in the beta phase.
These compositional variations are closely related to the volume fractions of
the two phases, which vary only by about 10% for the alpha phase (from .81 to
.90), but by 90% for the beta phase (from .10 to .19). Typical microstruc-
tures are illustrated in Figs. 8 through 10.

e Table V
L. Compositions of Alpha and Beta Phases in Ti-6A1-4V
;ij Condition Alpha Phase Beta Phase
Vo No. Wt% Al WtE V. Wt Al Wt% ¥
o 1 7.2 1.8 3.5 15.8
£ 2 7.7 1.7 2.1 17.3
= 3 7.3 1.5 1.7 23.2
o2
:‘
‘fy The heat treatments selected for use in this program, Table II, have
f produced the systematic variations in microstructure, Tables III through V,
Qg . required for analysis of the influence of beta processing on fatigue crack
ﬁﬁ” propagation. The individual values of the several microstructural parameters
i do not vary in the same way with heat treat conditions, e.g., conditions 2 and
& .
e
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» Fig. 8 TEM of Ti-6A1-4V given heat treat condition 1.
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‘, Fig. 9 TEM of Ti-6A1-4V given heat treat condition 2.
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Fig. 10 TEM of Ti-6A1-4V given heat treat condition 3.
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3 produce similar values for beta phase discontinuities that are quite differ-
ent from the value produced by condition 1, whereas conditions 1 and 2 gener-
ate simflar values for alpha phase plate size compared to the value generated
by condition 3. For this reason, testing of the three heat treat conditions
will be sufficient to evaluate the influence of individual parameters on

3 fatigue crack propagation rate.

DAY AN

3.2.5 Mechanical Properties

- Mechanical property evaluation during the first year consisted of
N room temperature tensile tests and low load ratfo, room temperature fatigue
crack propagation (FCP) tests of the three microstructural conditions pre-
%4 viously described.
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A1l specimens were machined from a Ti-6A1-4V plate which had been
previously purchased to the Rockwell International high fracture toughness
specification. Tensile specimen blanks were machined such that the tensile
axis was parallel to the long transverse (T) direction. The FCP specimens
were machined in the TL orientation.

Tensile tests were conducted in accordance with ASTM E 8 using an
Instron test machine with a 90 kN load cell. Specimens with a 6.4 mm diameter
by 25.4 mm long gauge length were tested at a strain-rate of 1.67 x 1074 s7L,
Fatigue crack propagation tests were conducted in accordance with the proposed
ASTM standard test met:hod10 using the load shedding technique down to a crack

growth rate of approximately 1 x 10'7 mm/cycle. Upon reaching this growth

Q? 5 rate, several data points were obtained at constant load. The load was then
o
%) incrementally increased, with two or three data points being obtained at each
% load. A1l other test conditions conformed to ASTM E 647 using a compact type
i (CT) specimen with B = 12.7 mm and W = 50 mm. Tests were conducted in lab-

o oratory air (approximately 50% relative humidity) at a frequency of 30 Hz.
*‘4 . Tensile data for the three conditions are given in Table VI.
bR

! Table VI

< Tensile Properties of Conditions Studied

»

}3 Condition ag.p (MPa) o, (MPa) Elong. (%)* RA (%)

¢ 3 .
X 1 805 867 7.7 20

773 843 8.3 22
QKRN
089 2 737 815 9.7 25

N 764 836 9.3 25

>
RN 3 704 773 10.7 29
—— 701 771 10.3 29

* 25.4 mm gauge length

XK
LAAAA

¥
1 Fatigue crack propagation results for the three conditions are shown
‘i; ‘ in Figs. 11, 12 and 13. The results of the test for heat treatment #1 are
S
f‘!*
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plotted in Fig. 11, with the data obtained by load shedding (K-decreasing)

The data obtained by load shedding appears some-
what faster than the data obtained by a constant or increasing load (K-

This behavior has been reported for other a1loys,1°
decreasing data are seen to be on the high side of the data set.
processed microstructures of Ti-6A1-4V, the difference in growth rate between
the K-decreasing and K-increasing data may, indeed, result from interaction of
the crack tip with the local microstructure.
ified by completion of the K-increasing tests for heat treatments #2 and #2,
and by precision sectioning and subsequent crack path characterization of the

indicated as filled symbols.

increasing).

FCP specimens planned for the second year of the program.
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Fig. 11 FCP of Ti-6A1-4V, condition 1, in laboratory air at 30 Hz and

R=0.1.

K-increasing.
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Fig. 13 FCP of Ti-6a1-4v, condition 3, in Taboratory atr at 30 Hz and

R=0.1
K-increasing.
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3.3 Part I1. Mechanistic Aspects of Superplasticity in Al Alloys

3.3.1 Background

In spite of the many studies, the understanding of superplasticity
mechanisms is far from complete, and it is particularly so for complex alloy
systems, e.g., high strength Al alloys. It has been shown recently that grain
refinement in conventional high strength Al alloy can lead to its superplastic
capability.3 This offers the potential for significant cost and weight payoff
for aerospace structures, and it is 1ikely that this emerging technology will
impact the next generation of aircraft by offering this novel capability.
While progress continues in the implementation of this technology, since the
superplastic flow behavior and the underlying mechanisms of microstructural
changes are poorly understood, uncertainties and problems occur periodically
during application. A properly focused program to understand and model these
effects is essential at this time.

The importance of grain goundary sliding and fine grain size on
superplasticity is reasonably well accepted. However, the roles of signifi-
cant distributions in grains size and microstructural changes occuring during
superplastic deformation are poorly understood.11713  As a basic point of
reference, understanding is lacking as to whether the real behavior of mate-
rials follow iso-strain rate or iso-stress models of deformation in various
grains. This is of particular importance in designing alloys with improved
superplasticity, as well as in determining the optimum processing conditfons
for their fabrication. The presence of a strong bimodal grain size distribu-
tion, as often observed in production heats of Al alloys, may not influence
the room temperature service properties in any significant manner, but can
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;:54‘ drastically alter the superplastic properties. The advent of the RSR powder
-;&‘ Al alloys promises significantly higher strength and temperature capabilities
;“E: " in afrcraft structures. The knowledge gained on grain size distribution would
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be useful for considering appropriate powder particle distributions for im-

,5§§ proved consolidation and possible superplasticity. If this could be achieved,
%% benefits from both higher strength and improved formability could result.
N In all of the mechanistic studies.“'19 a factor which has been ig-
?fﬂ nored until recenﬂyzo'21 is the existence of distributions in grain size. As
;ég shown in Ref. 20, while fine grain superplastic metals may have a grain size
v peak around 5-10 um, a long tail may exist at much larger grain sizes (~ 30-
e 40 um). Consequently, any real alloy behaves like a composite material, the
_ fine grains having a different constitutive equation from the coarse grains.
Loyt Two phase materials (e.g., Ti-6A1-4V, ZIn-Al eutectoid, etc.) further possess
xfﬁ differences in diffusion coefficients which allow a widely distributed consti-
:Fq tutive behavior to be established. It has been possible to show that distri-
ﬁ 4 butions in metallurgical features such as these could lead to transition from
;Qii . power law to diffusion creep (i.e., region I11) which is spread over several
m decades in strain rate. An assumption which has been tacitly made in such a
X model is that the same overall strain rate is imposed over a group of fine
5J" ’ grains as that over a group of coarse grains. This method provides for the
3"‘ development of internal stress within the material, the coarse grains support-
i ing a higher stress. As opposed to this parallel model, a series model would
M demand the imposition of iso-stress condition on all grains and allow the
}néﬁ strain rates from fine and coarse grains to be added. It appears that experi-
%‘3 ments designed to test the validity of a parallel or a series model would pro-
= vide significant insight into the deformation mechanism in a superplastic
.’ig alloy. Once we can determine how grains of different size slide and interact
f?i during superplastic flow, such information will not only provide for an im-
f:? proved model, but a greater opportunity for optimizing microstructure for best
= superplastic properties.

- 3.3.2 Objectives
In the first year of this program, the objective for Part II is to

. determine the effect of certain key microstructural features on the super-
LGN
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plasticity in Al alloys. Specifically, the influences of grain size, grain
size distribution and their changes during superplastic forming are to be
assessed and related to the flow and strain induced hardening behavior of
these materials. To assess the effect of grain size distribution on super-
plasticity, model materials with different grain size distributions are to be
produced for testing. Characterization of flow stresses and microstructural
changes of these materials are to be determined along various orientations to
the direction of laminations. The conditions under which an iso-stress or an
iso-strain rate criterion for superplastic flow would be operative in a mate-
rial containing bimodal grain size distributions will be determined. These
observations will then be utilized for the development of an overall model for
superplastic flow in the second year.

3.3.3 PROGRESS

Progress has been achieved in the following areas:

1. Model material containing a specified mixture of coarse and fine
grain microstructures (39:61 by volume) has been fabricated, and
superplastic flow behavior has been characterized in several
directions of the laminated test material.

2. Microstructural changes of the coarse and fine grain materials
during superplastic deformation have been characterized, includ-
ing dynamic grain growth of the fine grain microstructure and
s1ip band activity and dynamic recrystallization of the coarse

grain microstructure.

3. The observations have led to the development of a model for
superplastic flow which has the following features: a) enhanced
diffusional creep near grain boundaries due to dislocation slip
activity, b) enhanced dynamic grain growth due to grain bound-
ary sliding at lower strain rates, and c) dynamic recrystal-
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1ization and grain subdivision at the higher strain rates. Al
of these aspects have not been fully developed into a mathemati-
cal description as yet, and will be continued as part of the
second year program.

3.3.3.1 Model Material Fabrication and Testing

Within this reporting period, a model material was fabricated by lam-
ination of fine and coarse grain 7475 Al alloy sheets (this is a high strength
Al alloy containing 5.1% Zn, 2.1% Mg and 1.5% Cu in solid solution, as well as
precipitate forming agents and 0.2% Cr as a dispersoid former). The fine
grain sheet material was produced by thermomechanical processing from plate
7475 alloy using a patented process22 which involves overaging the alloy at
400°C for 8 hours after solution treatment (516°C), rolling 90% at 200°C, and
subsequently recrystallizing at 516°C. The average grain size of the 2.54 mm
thick material so produced was in the neighborhood of 8-12 um. To produce the
coarser grain material, a portion of this sheet was given a 20% rolling reduc-

L4 tion at room temperature, followed by a recrystallization treatment at 516°C.
This produced grain sizes in the neighborhood of 75 um. These sheets were
thoroughly cleaned, surface abraded, and stacked alternately with fine and
coarse grain sheets of 50 mm x 50 mm size to develop a composite with 61% fine
grains mixed with 39% coarse grains by volume. The stack was placed inside a

o N A
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?E stainless steel vacuum bag and press consolidated at 516°C after vacuum out-
- gassing long enough to reach 2 x 1076 mm Hg in the vacuum gauge. This forge
:é compaction step was carried out in two stages to a total reduction of 8:1 at
‘3 an overall strain rate of 2 x 10-4 s'1 which has previously shown to generate

negligible grain growth. The forged block has been sectioned and metallo-
graphically evaluated. The microstructures of starting fine and coarse grain
materials and the laminated mixed grain size model material are shown in Fig.

g 14. As expected, the mixed nature of grain size is visible, however, some
refinement of microstructure has taken place.
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Fig. 14 Grain structures of the constituent fine grain (a), coarse grain
(b) materials, and the resultant mixed grain model material (c).
A11 sections in LS plane for 7475 Al. Average grain sizes are
respectively 12 um, 75 um and 45 um.
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Tensile specimens were machined from the forged block in the plane of
laminatfons (L and T), as well as perpendicular (S) to the lamination planes.
Since forging produced a round isotropic pancake, the selection of L and T
directions were arbitrary in the plane of forging. The stress vs strain rate
plots (from jump test) between the individual directions were not signifi-
cantly different. However, the S direction had the lowest peak in value
(0.60) as compared with 0.75 for the T direction. Figure 15a shows stress vs
strain rate data for the fine grain, coarse grain and mixed grain size mate-
rials. For the coarse grain material, the results are shown at three differ-
ent temperatures: 482°C, 516°C and 530°C, the highest temperature producing
the most unstable flow. The data for mixed grain size fall between fine and
coarse grafn results with a slope approaching that of the fine grain Al. Also
shown in Fig. 15a are calculated o-¢ plots for mixed grain material obtained
from the individual curves for fine and coarse grain materials based on {iso-
stress and 1so-stress rate assumptions. It is clear that iso-strain rate
assumption fits the experimental results on the mixed grain (61:39) size mate-
rial well, except for the very low strain rates. However, because of short
transients for coarse grain materials and long transients for fine grain mate-
rial at the lower strain rates, the calculation of steady state flow stress is
bfased toward coarse grain size data. Since at low rates the mixed grain size
also shows significant transients, the measured stresses are expected to be
lower than the steady state values that are calculated. The strain rate
sensitivity values (m) determined from the slope of these curves are shown in
Fig. 15b. Mixed grain size produced an intermediate value of m between the
high of fine grain (m = 0.9) and the low of coarse grain (m = 0.2) materials,
with a peak shifted to lower strain rate than that of fine grain materials.

The tensile elongations of all of these test materfials are listed in
Table VII for a variety of test temperatures and strain rates. Again, the
mixed grain size produced intermediate elongation of 360% at 2 x 10'4 s-1
(516°C) as compard with 1072% for fine grain and 63% for coarse grain mate-
rials. While the S directfon had a slightly lower flow stress, it also
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Fig. 15 (a) Stress vs strain rate data from step strain rate test, and (b) m
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conditions.
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N Table VII
,z_ ) Superplastic Tensile Elongation of the Various Test Materfals
\ Test Strain
Temperature Rate (S”1) Elongation
Coarse Grain 7475 Al
516°C 1073 50%
2 x 107" 63%
5 x 107 99%
530°C 1073 28%
2 x 107 15%
482°C 2 x 1074 81%
g' Fine Grain 7475 Al
A 1071 38%
E.% 1072 280%
B« 1073 540%
. 516°C 2 x 107 1072%
- 1074 816%
23 Mixed Grain 7475 Al
B 1073 251% (L)
"0 165% (T)
342 (S)
EAY 2 x 1074 360% (L)
) 268% (T)
o 516°C 2 x 107 400% (L)
) (500 psi*) 364% (T)
ROvA 122% (S)
. 400% (L)
y Ay 107 292% (T)
,;'-2 70% (S)
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%:ﬁ exhibited delamination at oxide layers leading to low elongations. The appli-
f?g - cation of a superimposed hydrostatic pressure,23 which aids in the suppression
:{% of superplastic cavities, was also found to help increase the elongation in

the S direction to 122%. The typical o-¢ curves (at constant ¢) for fine

W;; grain, coarse grain and mixed grain materials are shown in Fig. 16 a, b and
_ 53 c. Again, fine grain materials exhibit significant flow hardening at all

@?ﬁ strain rates, coarse grain materials exhibit flow softening, and mixed grain

materials exhibit a period of flow hardening, followed by a flow softening.
It is believed that dynamic grain growth, along with a continuous change in
the ratio of grain boundary sliding/dislocation creep, is responsible for the
flow hardening behavior, whereas strain localization and dynamic recrystal-

2
“f 1ization (grain refinement) of the coarse grains lead to flow softening.

5

?Sis 3.3.4  Microstructural Changes

M The most important microstructural changes observed during superplas-
- tic deformation of 7475 A1 are dynamic grain growth at relatively low strain
24 > rates and/or fine grain sizes, and dynamic recrystallization (or grain refine-
*;- ment) at higher strain rates and/or coarse grain sizes. These processes

24 appear to occur continuously as a function of strain rates in a given mate-

) rial. Figure 17 shows microstructures in the fine grain material after large
”;; levels of strain. Grain growth is clearly visible at 5 x 10-5 s'1 and

gs: 2 x 1074 -1 and grain refinement at 102 ¢-1, The extent of dynamic grain
i growth is greater than static, as shown in the interrupted data of Fig. 18.
£;}~ There does not appear to be a strong strain rate dependence of grain growth
1~§3 rate, although grain growth kinetics at 10‘3 s"1 are somewhat more rapid. At
:ﬁé 10-2 s'l. there is no grain growth, simply grain deformation causing elonga-
ij? tion along longitudinal and contraction along transverse directions. Since
‘T‘} dynamic grain growth occurs at lower strain rates and dynamic recrystalliza-
N R tion at higher strain rates, it is expected that grain size would remain

> unchanged at some intermediate strain rate. However, such a rate might be
;:S close to 10"2 s'1 and does not cofncide with that of peak m or peak elongation
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L
5 Fig. 16 Stress strain curves at various constant strain rates for (a) fine
: grain, (b) coarse grain, and (c) mixed grain size 7475 Al alloys.
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Fig. 17 Microstructures near fracture of fine grain 7475 Al indicating
extensive dynamic grain growth at low strain rates (< 2 x 10-% s-1)
and grain refinement at high strain rate (10-2 s-1),
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* 7475 Al

STRAIN RATE, §™!
O O (STATIC)

28~ A 5x10°5

o 104
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3
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2
&
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£ 2 -
-
2
<
g
&
> 2 LONGITUDINAL
&
>
g

12
TRANSVERSE

8 O -
o
4 i | |
1 10 100 1000
” TIME, MIN
N Fig. 18 Dynamic grain growth from interrupted tests at various constant
strain rates compared with static grain growth for the fine grain
7475 A1,
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(~ 2 x 1074 s71). Thus, the high flow stability at 2 x 10°% s~! is not re-
lated to a fixed microstructure and might be partly associated with flow
hardening from dynamic grain growth.

Figure 19 shows dynamic recrystallization effects in the coarse grain
material after modest amounts of deformation. At all strain rates, larger
grains were found fragmented into extremely fine grains. It appears that a
critical plastic work for recrystallization is reached first in the larger
grains, and subsequently in the smaller grains. Also shown in Fig. 19c is the
microstructure after a high strain rate deformation at 107! ¢! (516°C) for
the fine grain material. The grain elongation and slip bands (differing in
orientation in the different grains) are clearly visible. Figure 20 provides
further quantitative evidence of this effect. Plots of grain intercept dis-
tribution for the fine grain (Fig. 20a) and coarse grain (Fig. 20b) materials
illustrate that during dynamic grain growth (fine grain material), the entire
distribution curve (including the median size) shifts to a larger size with an
increasing degree of deformation. The reverse is true during dynamic recrys-
tallization (Fig. 20b). This type of information is vital to the development
of the model for microstructural changes which is currently underway.

3.3.4.1 Development of a Mechanistic Model

The space is limited here to discuss the model development work in
its entirety. However, a brief summary is presented, and the details may be
found in the papers in preparation.24'26 Based on the observations of slip
during superplastic flow and other studies on dislocation structures,27 the
importance of dislocation processes during superplastic flow cannot be ig-
nored. Recently, Arzt, Ashby and Verra128 have considered grain boundary
s11ding occurring through the motion of grain boundary dislocations. However,
the basic concept advanced here is that when crystallographic slip ossurs
within the grains, dislocations continuously meet the grain boundaries, there-
by changing the density of dislocations on the grain boundaries. This process

35
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Fig. 19 Microssrucgure for coirse grain 7475 Al (a) zero strain, (b) € = 0.55
at 516°C, € = 2 x 10-% s-1] siip ]ines in fine grain 7475 Al deformed
to € = 0.55 at 5169C, & = 10-1 s-1,
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$C84-25845
25
‘a) ] 1 L 1 || L T i I
~ 1475 At
20 |- FINE GRAIN -
\ 516°C
5 €
E 16 |- , \ P o_. 7
§ , \ ©O- == 1.52
€ 10} ’ I \ oy 3.09 +
5 p— ; V4 - -
0 S :h:ww-gﬂ‘r)-'ﬁ‘
(1] 5 10 15 20 25 30 35 40 45 50
GRAIN INTERCEPT IN ROLLING DIRECTION, um
20 $C84-25843
‘b) 1 L | I LI #1-2.3
7475 Af
(CO%RSE GRAIN)
516
16 -
t=2x10"44"1
Qe ¢ = 0
—g—— ¢ = 0.55

0 80 100 160 200 250 300
GRAIN INTERCEPT SIZE IN ROLLING DIRECTION, ym

Fig. 20 Distribution of grain intercept alon? rolling direction after various
strain levels for (a) fine grain, (b) coarse grain 7475 Al.
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can cause an additional flux of matter along the grain boundaries, as well as
change the misorientation about the boundaries. Thus, Coble diffusional creep
rate (for grain boundary sliding) would be enhanced when the grains are under-
going deformation as opposed to being in an elastic state. Figure 21 shows
how this would influence the flow behavior.

SC83-22825

DISLOCATION ENHANCED
DIFFUSIONAL CREEP \’

DISLOCATION CREEP

log o GRAIN BOUNDARY
DIFFUSIONAL CREEP

YIELD
STRESS
/
log é

Fig. 21 Schematic illustration of o-é curves for a model of super-
plasticity with dislocation enhanced diffusfonal creep.

If o4 {s the average yield stress of grains below o = Og» only diffu-
sional creep would be expected. However, as ¢ > Ogs 9rains would begin to
deform, thereby accelerating diffusfonal creep (dotted curve). Eventually, a
Newtonian viscous (m = 1) behavior would be approached at a higher strain
rate. This combination thus explains the small threshold stress-like effects
and high superplastic creep rates observed experimentally.

One of the key features of superplastic deformation {s the slow
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i "strain induced hardening" observed up to very large strains. Since an in-
_3 v crease in strain rate or a decrease in temperature increases do/de, it is
‘% clear that grain growth alone would not explain the hardening behavior, and
J dislocation structure development must be considered in the model. Thus,
‘N steady-state creep equations were replaced by hardening equations developed
)
3 prev'lous'ly.29 According to this, the incremental hardening equation is given
-2 by:
1/n
Y . nK r .
§=( ) ¢ - alo-0,.) =E ¢ (1)
E dI7n-I g 0 e
s where g = stress rate, ¢_ = grain strain rate, €q = elastic strain rate, K =

strength coefficient, n = strain hardening exponent, « = time constant for
‘Q dynamic recovery, r = dynamic recovery exponent, and E = modulus of elas-
ticity. The constraint equation for strain rate is

(2)

where ¢ = total strain rate, and éb = grain boundary diffusional strain rate,
which is given by:

'

ép = (%3) o (3)

where A = (42 Q/kT)ZDB, d = grain size, @ = atomic volume and Dy = boundary
diffusivity. The enhancement in diffusional creep has been given by the

ASIS IR,

»!

? following exponential form:

¥,

:5 * -Bég

3 A= A° + (A* - Ao) (1-e ) (4)

where Ao = fnitial value of A when ég = 0, and A* = terminal value of A when

ég + «», g = enhancement constant.

Addition of dynamic grain growth or dynamic recrystallization re-
quires the use of appropriate kinetics or additional criterion, which are

AP 7
L)

~d s
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being done currently. The outcome of this incremental deformation theory fis
that during dynamic grain growth, the mix of ¢ _and éb continuously changes.
The increase in ég (from very low values) with increasing strain is a very
slow process, but one that leads to continuous hardening and a very slow
approach to steady-state. This leads to the extreme flow stability in the
superplastic range. Figure 22 shows how the balance of these strain rates can
occur at steady-state for two different grain sizes. For a given applied
strain rate, diffusional creep rates are rather high at the lower rates, but
the coarser grain material undergoes more dislocation creep, thus increasing
its tendency for dynamic recrystallization. The finer grain material can
sustain a much higher degree of diffusional creep, even at the higher strain
rates, thereby slowing down the development of dislocation creep and leading
to extremely long transients. Further details of the model will be described
in Refs. 24-26 and next year's annual report.
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Fig. 22 Make-up of applied strain rate in terms of diffusional creep {
rate and grain strain rate for steady state. |
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S 7.0 COUPLING ACTIVITIES

<)

1. The work on fatigue crack propagation on Ti-6A1-4V is highly relevant to
the North American Aircraft Opertion, Rockwell International with regard
N to the B-1B bomber program. Ti-6A1-4V is used in the aircraft in appli-
i cations requiring high resistance to fatigue crack propagation. The
: data regarding crack propagation behavior of material processed above
the beta transus are of considerable interest to NAAD and are being

.5% furnished to their materials engineering staff.
2
- 2. Dr. J.C. Williams, Dean of Engineering, Carnegie-Mellon University has

participated in substantial discussions of the program details, and of

;; microstructure development and fatigue crack propagation of Ti alloys in
33 general during a recent visit to the Science Center.

-

. 3. J.C. Chesnutt is currently co-authoring a paper with J.C. Williams and

% I A.W. Thompson entitled, "Fatigue Crack Propagation in Ti Alloys", which
: ) will appear in the proceedings of an international conference, FATIGUE
;T 84, to be held in Birmingham, England, September 3-7, 1984. Although

. the specific results of this program will not be reported, they will

ﬂg contribute to the authors' understanding of the effect of beta

processing on fatigue crack propagation, and to discussion of the same
in the paper.

P rs

'ﬁf 4, Discussions with Prof. Rishi Raj of Cornell University several times
b,
b7 during the last year are acknowledged. Prof. Raj will be a visiting
f scientist at the Science Center during April 1984, when joint work is
,;. contemplated.
%
)
;* ‘ 5. Discussions with Prof. D. Wilkinson of McMaster University, Canada, June
:15
i 1983.
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6. Discussions with Prof. E. Nes, Norwegian Institute of Technology,
Trondheim, Norway, June 1983.

7. Discussions with Prof. W.D. Nix, Stanford University, several times
during 1983.
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